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Abstract

Aminopeptidase N has been reported to bBeillus thuringiensis(Bt) CrylA toxin-binding protein in several lepidopteran
insects. cDNAs of aminopeptidase-like proteins from both Bt-susceptible R@888Bt-resistant HD19&trains of the Indianmeal
moth, Plodia interpunctella were cloned and sequenced. They contain 3345 and 3358 nucleotides, respectively, and each has a
3048 bp open reading frame that encodes 1016 amino acids. Putative protein sequences include 10 potential glycosylation sites anc
a zinc metal binding site motif of HEXH, which is typical of the active site of zinc-dependent metallopeptidases. Sequence analysis
indicated that the deduced protein sequences are most similar to an aminopeptidasteliathis virescenwith 62% sequence
identity and highly similar to three other lepidopteran aminopeptidases Riatella xylostella, Manduca sexta, Bombyx mwiih
sequence identities of 51-52%. Four nucleotide differences were observed in the open reading frames that translated into two amino
acid differences in the putative protein sequences. Polymerase chain reaction (PCR) confirmed an aminopeptidase gene coding
difference between RC68&nd HD198 strains ofP. interpunctellain the PCR amplification of a specific allele (PASA) using
preferential primers designed from a single base substitution. The gene mutation f§—ASh'® was also confirmed in two
additional Bt-resistar®. interpunctellastrains. This mutation is located within a region homologous to the conserved CrylAa toxin
binding regions fromBombyx moriand Plutella xylostella The aminopeptidase-like mMRNA expression levels in the Bt-resistant
strain were slightly higher than those in the Bt-susceptible strain. The sequences reported in this paper have been deposited in the
GenBank database (accession numbers AF034483 for susceptible strairf RAGBF-034484 for resistant strain HDIR] 2000
Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction products with species-specific toxicity for the larvae of
a number of agronomic pests and disease vectors. After
The Indianmeal mothRlodia interpunctellais one of ingestion by a susceptible insect, protoxins of lepidop-
the economically important lepidopteran pests of stored teran-active ICPs are dissolved in the alkaline environ-
grain products. Control of this insect using environmen- ment of the insect midgut and proteolytically activated
tally safe biopesticides, such as insecticidal crystal pro- by midgut proteinases resulting in 60—65 kDa toxins.
teins (ICPs) produced bBacillus thuringiensigBt), has The activated toxins bind to receptors on the surface of
encountered difficulty because of the development of midgut epithelial cells, which results in a change of per-
resistance to Bt toxins (McGaughey, 1985; McGaughey meability of the gut membranes, lysis of the midgut epi-
and Beeman, 1988; McGaughey and Johnson, 1992). thelial cells, and death of the insect (English and Slatin,
ICPs are known a&-endotoxins or crystal (Cry) gene 1992; Bauer, 1995; Cannon, 1996).
CrylA toxins are a major group @fendotoxins active
against a variety of lepidopteran larvae. In most insects,
msponding author. Tek1-785-776-2719; fax+1-785-776- the toxicity of Bt endqtoxips is correlated with binding
2792. to receptors in the epithelial brush border of the midgut
E-mail addressdowdy@usgmrl.ksu.edu (A.K. Dowdy) (Van Rie et al., 1990; Estada and Ferre, 1994). The inter-
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action of these receptors with Bt toxins is a key determi-
nant for toxin specificity (Hofmann et al., 1988; Van Rie
et al., 1990). Aminopeptidase-like proteins have been
documented to be major binding proteins for Cry1A tox-
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nants were obtained for RC68&nd HD198 cDNA
libraries, respectively.

2.3. Development of probe and cDNA library

ins in several species (Sangadala et al., 1994; Garczynskscreening

and Adang, 1995; Gill et al., 1995; Knight et al., 1995;
Masson et al., 1995; Valaitis et al., 1995; Luo et al.,
1997; Chang et al., 1999). Recently, a CrylAa binding
region of aminopeptidase-N (APN) froBombyx mori
and Plutella xylostellawas found near the N-terminus

Lambda DNA of an amplified RC68&DNA library
was prepared using phage precipitation and
phenol/chloroform extraction procedures after RNase A
and DNase | digestions. Polymerase chain reaction

(Nakanishi et al., 1999). Bt-resistance in many field (PCR) was carried out with two degenerate primefs, 5

populations and laboratory strains is caused by a chang
in the midgut membrane receptor for Bt toxins, which
reduces binding affinity or abolishes binding to the
receptor molecule (reviewed in McGaughey and Oppert,
1999; Schnepf et al., 1998). Therefore, we examined dif-
ferences in putative APN-like receptor molecules in Bt-
susceptible and resistant strainsRofinterpunctella
cDNAs for aminopeptidase genes from several lepi-

eGGNGCNATGGARAAYTGGGG—B as a forward

primer and 5>GCRAANCCYTCRTTNARCCA-3 as a
reverse primer, designed from two highly conserved
regions (GAMENWG and WLNEGFA) of an aminopep-
tidase fromHeliothis virescengFab.) (Gill et al., 1995).
PCR-amplified DNA fragments~Q00 bp) were cloned
into a pGEM-T vector, and a sequence of the fragment
was obtained using silver staining protocols (Promega,

dopteran insects have been cloned and sequenced (GilMadison, WI). The cDNA libraries of both strains were

et al., 1995; Knight et al., 1995; Chang et al., 1999), but
sequence information has been collected only from Bt-
susceptible strains. To determine whether molecular dif-

screened using an o-*?P-dCTP-labeled probe
(Amersham, Arlington Heights, IL). At least two clones
from each library were sequenced in both directions. The

ferences are present in the genes encoding aminopeptidBLASTX non-redundant protocol was used to perform

ases from resistant insects, we examined cDNAs, mRN
expression levels, and genomic restriction sites for amin-
opeptidase-like protein genes from both Bt-susceptible
and Bt-resistant strains &. interpunctella

2. Materials and methods

2.1. Insect cultures

P. interpunctellastrain, RC688(Bt-susceptible), was
collected from farm-stored grain in Riley County,

Asequence similarity searching and retrieval of homolo-

gous sequences from GenBank of the National Center
for Biotechnology Information. The Wisconsin
Sequence Analysis Package GCG Unix version 9.0
(Genetics Computer Group, Madison, WI) and sequence
analysis tools of the SWISS-PROT Internet server were
used to process data of deduced protein sequences.

2.4. Northern analysis of aminopeptidase mMRNA
expression

Aminopeptidase-like mRNA expression in fourth
instar larvae of the two strains & .interpunctellawas

Kansas, and maintained on a cracked wheat diet@nalyzed by Northern blotting (Ausubel et al., 1994).

described by McGaughey and Beeman (1988). A Bt-
resistant strain, HD198 was selected from RC688
using Bt subspentomocidudHD-198 incorporated into
diet (McGaughey and Johnson, 1992).

2.2. mRNA purification and cDNA library construction

Total RNA was extracted with guanidine thiocyanate
denaturing solution and precipitated with isopropanol
(Titus, 1991). The poly(A) RNA was isolated from the
total RNA by chromatography on an oligo(dT)-cellulose
column (Gibco BRL Life-Technologies, Gaithersburg,
MD). Double stranded cDNA was synthesized using 5
Hg of poly(A) RNA as a template (ZAP-cDNA synthesis

Threepug of mRNA from each strain was subjected to
1% agarose/formaldehyde gel electrophoresis and trans-
ferred to a nylon membrane (MSI, Westboro, MA).
PCR-amplified aminopeptidase-like cDNA fragments
were labeled witlu-*2P-dCTP to probe the target amino-
peptidase mRNA. To evaluate loading quantity, the ami-
nopeptidase-like cDNA probe was removed from the
nylon membrane using 0.5% boiling SDS solution after
the film was processed. The membrane was rehybridized
with a-*2P-labeled ribosomal protein S3 cDNA from the
tobacco hornwormManduca sextgL.), as an internal
standard, which is a highly conserved sequence among
bacteria, yeast, vertebrates, and invertebrates (Jiang et
al., 1996).

kit, Stratagene, La Jolla, CA), directionally cloned into 2.5, PCR amplification of specific allele (PASA)

a UniZAP XR vector phage (Stratagene), and packaged

using the ZAP-cDNA Gigapack Il Gold cloning system
(Stratagene). Approximately 2 and 1.7 million recombi-

After full cDNA sequences were obtained from both
susceptible and resistant libraries, differences of four
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nucleotides in the open reading frames were found Several clones were identified from each library and two
between the two strains. To confirm that the structural clones were selected from each for sequencing in both
change was not an artifact of cloning, the PASA tech- directions. The sequence data showed that the cDNAs
nique was used to amplify genomic DNA extracted from cloned from the same library were identical. A cDNA
individual fourth instar larvae. This technique is a gen- of 3345 bp was obtained from the Bt-susceptible strain
eral method for detecting known single-base changes asRC688 and a cDNA of 3358 bp was obtained from the
well as small deletions and insertions. Oligonucleotide Bt-resistant strain HD198Both cDNAs contained 3048
primers are designed and used to preferentially amplify bp open reading frames with the start codon ATG at
one allele over another (Sommer et al., 1992). Specific positions 1-3 and the termination codon TAA at pos-
amplification can be obtained if the oligonucleotide itions 3349-3351 (Fig. 1). The cDNAs encoded 1016
matches the desired allele but mismatches the otheramino acid residues in predicted immature forms of ami-
allele at the 3 end of the oligonucleotide, thus pre- nopeptidase-like proteins. A polyadenylation signal,
venting efficient 3 elongation byTaq polymerase. To  AATAA, was located at positions 3277-3282 in the
perform PASA amplification of genomic DNA from the RC688 cDNA and at 3266-3271 in HD19&DNA.
Indianmeal moth, two pairs of primers were designed Alignment of the two cDNA sequences showed four
from a single base substitution at nucleotide 555 of the nucleotide differences in the open reading frames
cDNA sequences (Fig. 1). At the point of substitution, accounting for a 0.13% sequence difference between the
a cytosine occurs in the cDNA from the Bt-susceptible two strains. At nucleotide positions 318, 555, 2288, and
strain, whereas an adenine is found in the cDNA from 2571, nucleotides A, C, T, and C in Bt-susceptible strain
the Bt-resistant strain. A forward primer AF1 for both cDNA were replaced by C, A, C, and T, respectively,
strains and a reverse primer SARG with a guanine at thein the Bt-resistant strain cDNA (Fig. 1). At the non-
3’ terminal create a C/G match for the susceptible strain translatable 3end region (positions 3153-3163), a
(designated as susceptible primers, see sequence in Figleletion of 11 nucleotides occurred in the Bt-resistant
1) and an A/G mismatch for the resistant strain. This strain cDNA relative to the Bt-susceptible strain cDNA.
mismatch reduces the PCR yield dramatically (Kwok et

al., 1990). With a reverse primer AR6 common to both 3.2. Putative amino acid sequences and similarity to
strains, a forward primer RAFA with adenine at the 3 aminopeptidase Ns

terminal creates a G/A mismatch to the susceptible strain

and a perfect match to the resistant strain (designated as The putative sequences of the preaminopeptidase-like
resistant primers). PCR reactions contained 10 mM Tris- proteins contain 1016 amino acid residues with a theor-
HCI, pH 9, 1.5 mM MgC}, 1 uM of each primer, 50  etical molecular mass of 115 kDa. An 18-amino-acid sig-
mM KCI, 0.1 mM of each dNTP, 0.05 unjtf of Taq nal peptide, MAAMKWFLLGVLCVSAQA, was pre-
DNA polymerase, and 20 ng of DNA template. DNA dicted using SignalP Version 1.1 software (WWW
was initially denatured for 3 min at 9€, and the PCR  Server) and a 23-amino-acid transmembrane region,
amplification was conducted with 35 cycles, including DSAVTSALSVVAIAVAAIVNLAL, at C-terminal pos-

30 s of denaturing at 9€, 30 s of annealing at 3@, itions 994-1016 using SWISS-PROT Internet server
and a 1 min extension time at ®2. PCR products were  PSORT protocol software. Motif $° E381 XXH %84 for
separated by electrophoresis on a 1% agarose gelthe aminopeptidase N zinc iron binding site, which is

stained with 0.5ug/ml ethidium bromide, and photo-
graphed under UV light.

To examine whether the gene mutation of
Aspt®—Glu®s occurred in other Bt-resistant Indianmeal
moths, ten larvae d?. interpunctellastrains HD112and
HD133 were obtained, and larval genomic DNA was
individually isolated. PASA amplifications were conduc-

part of a typical catalytic active site for the majority of
zinc-dependent metallopeptidases, was predicted using
GCG protein analysis Motifs protocol software (Figs. 1
and 2). The putative protein sequences include 10 poten-
tial glycosylation sites at amino acid residues 116, 154,
188, 280, 364, 592, 610, 645, 865 and 886.

A search of the GenBank database and use of GCG

ted using susceptible and resistant primer sets under th&SAP comparison software revealed that the amino acid

same PCR conditions as stated above.

3. Results and discussion

3.1. Sequence differences in cDNAs from Bt-
susceptible and resistant strains

The cDNA libraries of RC688and HD198 were

screened with the aminopeptidase-like cDNA probe.

sequence predicted froR interpunctellacDNA is most
similar to the tobacco budwornH( viresceny amino-
peptidase N, a Bt CrylAc binding protein (Gill et al.,
1995), with 62% sequence identity. Other highly similar
proteins include two putative CrylAc-binding amino-
peptidases in the diamondback mofiutella xylostella
(L.) (Chang et al., 1999; 52% identity) and tobacco
hornworm,M. sexta(Knight et al., 1995; 51% identity),
as well as one putative Cryl Aa-binding aminopeptidase
N in the silk worm,Bombyx moriYaoi and Sato, 1998;
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) CTAATTTGGACGACAAG -17
R GCTACAGGCTGAAGGGTTGCCG. « v v v v e v e e e e e e e -39

ATGGCGGCAATGAAATGGTTCCTTTTGGGGGTATTGTGTGTTTCCGCACAGGCTTTCCCTGACAGACCAACTCAA 75
M A A M KW F L L G VL CV SAOQATF?PDURUPTG 25
1
AGATCGTCCAAAACCAACATCTTCCTTGACGAGATGCTAGAAGGACAGATCTTTGAAAATCTCATGATGGAAGAC 150
R S S K T N I F L D EMULESGS QTIVFENTULMMMED 50

ACGTCTGATAATGCACGTAACGACGCTGTCAACGTATACCGCTTACCAACAACTACTAAGCCATACCGTTACAAT 225
T S DN AURNUDA AVNVYRULUPTTTIEKUPYRYN 75

ATTGACTGGATTGTTGACACCACTGAGCTAACTTTTGGTGGTTCCGTCGCCATACAACTGTACGCAACTCAAGCT 300
I pDpwiIVDTTETLTT FSGSGSUVATIOQLYATQA 100

Primer: AF1l
GAAGTGAACGAAATAE;ébTTCAGTCAGATGATTTGAACATTCTTAATGTAACGCTTACAAGAAACAATGTAGTT 375

E VN ETI VI Qs DUDILNTITULNUV T L T R N N V V 125

GTACCTCAGACTTTTTACCTTCAACCTGAATATGATTTTCTGAGAGTGGAGCTTGTAAACGGTTTCCTAGAC AT | 450
v P Q T F Y L Q P E Y DFULRVETZLUVNGT F L D|Y 150

GACGCAGTCAACGCTACGTCGGCTCTTTACGTGTTAACTATCAATTTTGAAGCTGAACTGAGACACGACATGTAT | 525
D AVNATSALYVLTTIN F E A EL R HDMY 175

Primer: SARG
@‘ ATTACAACGCGACACCCAATTACATGGCCACGACACAATTTCAG | 600

AR
D
E
Primer: AR6

GCCACTTCGGCTCGGAGAGCGTTTCCTTGTTATGACGAACCAAGCII'TCAAGGCTACCTTCGATATAAGCATTGCA 675
A T S A RURA ATF P CYDEU®P S|F KA TV F DI S I A 225

Primer: RAFA
GGTATATACCGAAGTTGGTTTAGAAA(

G I YR S W F R N N Y NATUPNYMATT Q F Q 200

CGTCGTCAAGATGTCAAAAGTTGGTCTTGCACACGATTAGCGGGAACTGCACCATCTGATCTTTATGGTCCTGAA 750
R R Q DV K SWSsSCTW RULAGTA AUPSUDTILYG P E 250

TTCGAAGTAGACACTTTCTATAGAACTCCCATTATGTCCACTTACCTATTGGCCATTATAGTCGCTGATTATAAG 825
F E VDTV F Y RTU®PIMS ST YULULATITIVADY K 275

AGTGTTGAATTTAATAATACACAAGGTCTACTCGAGTACGAAGTCATTGCAAGACCTGCTGCTATAGACAACAAC 900
S VEF NNT QG L L E Y E V I A RPAATIDNN 300

CAATACCAATATGCTTTTGACGTTGGTCAAGAGCTTCTGGCAGAAATGAGTGACCATACCGCCATAGATTATTTC 975
Q Y Q YA FDVGQELULAEMMSTDUHTA ATIUDYF 325

TCTGTTGATAGTAATCTCAAAATGACACAAGCTGCGATTCCAGATTTTGGAGCTGGAGCTATGGAAAACTGGGGA 1050
s v DS NLKMT QA AATIU®PDTF GAGA AMENUWG 350

TTACTTACTTACAGGGAAGCCTACATCATGTACCATCCCAATCACACCAACAGCAACTACAAACAGCTAATCGCT 1125
L L TYREAYTIMYUHZPNUHTNSNY K Q L I A 375

TACATTTTATCTCACGAAATCGCTCACATGTGGTTTGGAAACTTGGTCACCTGTGACTGGTGGGACGTTCTTTGG 1200
Yy I L S HE I A HMWV F GNULUV TCUDWWD VL W 400

CTTAACGAAGGTTTTGCTAAATATTATCAGTACTTCTTGACTCACTGGGTTGAAGATCACATGGGTTTTGAGACA 1275
L N E G F A K Y Y Q Y F L THWVEUDUHMMGT FET 425

AGATTCATCACAGAACAGGTCCACACTGCTTTACTCTCAGATTCGGCCATCACCGCCCATCCTCTGAGCACCTCT 1350
R F I T E Q VH T AULULSDSA ATITA AHUPTULS T S 450

GGCATCGGCAGCCCTAGTCAAGTTAGCAGCATGTTCTCCACCCTTAGTTATAACAAGGGTGCTGCTATTATCAGA 1425
G I G S P S Q Vs SsS M FSTULS YN K GA AATITITR 475

CAGACAGAACATTTGCTTGGATTCGAAGTTCACAGACAAGGATTGAGAAATTATTTGGCCCAAAAGTCCTTTGAT 1500
Q T E H L L GF EVHROQGTLURNYTLAOQI K S F D 500

ACTGCTTTGCCAGTCGATCTCTTCCAACACTTGCATGATGCCGGAGTGTCTGCTGGAGCAATCTCTGAATATGGA 1575
T A L P VDLV FOQHLHDA AGV VS AGA ATISEYG 525

CCTGGATTCTCAGTCGTTGACTACTACAGGACCTGGACTGAGCAAGGAGGTCACCCCGTGCTCAATGTTCAAGTC 1650
P G F SV VDYYURTWTEZ QGG GHU?PV L NV QV 550

Fig. 1. Nucleotide and deduced amino acid sequences of aminopeptidase-like cDNA isolatd®l. firderpunctella S=clone from susceptible

strain RC688 R=clone from resistant strain HD198dentical nucleotides between susceptible and resistant strains are indicated by dots at both

5" and 3 non-translatable regions; different nucleotides and resulted different amino acids between susceptible and resistant strains are boxed;
nucleotide deletion is indicated by ““ATG=start codon;TAA=termination codonAATAAA=polyadenylation signalj=predicted signal peptide

cleavage site; potential glycosylation sites are double underlined; bold and underlinedH&t#?sGlu®8?, andHis*®* represent motif residues of

zinc binding active site. Forward primer sequences for PASA detection are underlined, and the sequences corresponding to reverse primers are
indicated by underlined italic letters. Large boxed-in region is the proposed CrylAa binding region (Nakanishi et al., 1999).

51% identity). Other homologous sequences include (Malfroy et al., 1989; 45% identity), and chicke@allus
aminopeptidases from swin8us scrofgDelmas et al.,  gallus (Midorikawa et al., 1998; 45% identity).

1994; 47% identity), humarjomo sapiengOlsen et al., The predicted amino acid sequence encoded by the
1988; 45% identity), the Norway raRattus norvegicus  susceptible strain cDNA was aligned with 4 lepidopteran
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GACCAACAGACTGGGCGATTGACCATCTCTCAGCGTCGATTTGACATTACCAACGGTTATGCTACCCCTGTCACC 1725
D QQ T GRULTTISQ®RU RTFUDTITNSGY YA AT?PV T 575

AACTGGATTGTTCCCATCAATTTCGCAACTGCAAGCAACCCGAACTTCAACAATACTAAAGCCACTCACATCATG 1800
N W I v PINTFATA ASNZPNTFNNTIKATHI M 600

ACCGATGGTACCATGTTTATTGATACAAACATATCCAATGAATGGGTCATCCTTAACATCCAACAGACAGCATTC 1875
T DG TMY FIDTNDNTISNEWYVIL N I Q Q T A F 625

TACAGAGTCAACTACGACGATTACACATGGAACCTAATTGCTTTGGCTCTGCAAAGCAACGAGAGCAGAGCTGTG 1950
Y R VN Y DD Y TWNTULTIALA ALQSNE S R AV 650

ATCCATGAATATAACAAGGCTCAGATTGTCAACGACATCTTCCAATTCGCCCGCTCTGGCCTGATGAGCTACACT 2025
I HE Y N KAOQ I VNDTIVFOQFA ARSGULMSYT 675

AGGGCTTTGAGCCTGCTTTCCTTCCTGCAGTACGAGACCGACTACGCCCCTTGGGTGGCAGCCATCACTGGCTTC 2100
R AL S L L S F L QY ETDY YA AZPWVAATITGF 700

AACTGGCTGAGGAACAGATTTGCAGGAACTTCTTTACAAGAGACTTTTGAAACCCTGATCGCCACTTGGGCTACA 2175
N WL RNU RV FAGT S L QETT FETT LTI ATWAT 725

ACTGTAATGGCCGATGTAACATACTACCCGACGGAAGGCGAAAGCTTCATGCAGTCCTACAAACGTATGCAATTG 2250
T VMADUVTYY®PTEGEST FMOQSYKIRMMOQTL 750

GCCCCTACCATGTGCGCGATAGGAGTGCCTGAGTGAATTIBAGGCTGCTGAAATTCAGTTCAACACGCTGATGAAT 2325
u
A P TMCATIGVUPETC|I|EAAETIO QFNTTULMN 775

GGAGTTGCTGAGGTTCCAGTCGATAGCCGTAGCTGGGTTTACTGCAATGCCCTACGTAGAGGTGACGATTCGCAC 2400
G VA EV?PVD SR S WUV Y CNA AVLUZ RI®RGUDD S H 800

TTCAACTTCCTCTGGCAGAGATTCCAGAGTCACCACGTCTACACGGAGAAGATCCTTCTCCTCTCTGTCCTTGGT 2475
F N F L WOQU RV FOQSHHV Y TEIZ KT IZLTZLTULSVUL G 825

TGCACCAATGATGTAGCCAGCCTCACAGTCTTCTTGGACGCCATTCTTGAAGAGAACTACTTGATCAGGCGTCAA 2550
¢c T NDVASULTUVF FULDA ATITLEENT YTLTIRRQ 850

GACTACAACACCGCTTT CTGCCGTCACTGGAAACGAAAATAACACGCAAATTGTATTCAAATACGTTCAG 2625
D YNTA ATFNSA AV TOGNENNTOQTIVF KYV Q 875

GAGAACCTCGAAAAATTGGAGGCTGCATACAACGTCACATCCAGCATCGTTGGGCCTCTGAATACCATCAGCGCC 2700
E NL E KL EAAY NV TS S I VG P L N T I S A 900

AGATTGAGGACAGAGGAGGAAATTGAGGAGTTCCAACTATGGGCAAGAGAARACCGTAACGCTCTTGGAAATGCA 2775
R L R TE EZEETIEETFQULWARENUZRNA ATLGNA 925

TACAACAGCGTATACAATGGCGCAGAAAGTGCAAGAGCGAGCATAAAGTGGACTAACGAAATCCTAGACGATGTT 2850
Y N S VY NGAESARA ASTIKWTNETITLTDDYV 950

CTCAACTTCATTGAGAATGGTGGTGACGAAATAGAAGTAACTACTGCTACTCCAGGAACTGAAACTCCAGTTGAC 2925
L N F I ENGGDETIEVTTA AT?®PSGTE TP VD 975

ACCGAAACACCACCAGACATTGATGAGCCTACGACCCCAGATATTCCTGAGCCCGATTCTGCTGTGACGTCAGCA 3000
T E T P P D I DEPTTU®PDTIPE®PDSA AV T S A 1000

CTATCAGTAGTAGCTATCGCTGTAGCTGCTATTGTGAACTTAGCCTTATAATCGTAGTCAATAATTTAATTGATA 3075

L §S$ V VA I AV AATI VNTILA AL 1016

ACACCTTTATGAGATTTTATAGTTACAAGATAATTGTCCTATTTTATTATTGAAAATATATTGTATGTTCCAGTT 3150

GCTTTTTGACAATTCAGACTTACGCACACAACAATGGAAATAGTATGATTGAAAGTGTGTTGATTTAGATCCTTG 3225

........................................................................... 3225
GAITTGTAAATTATTGACAATAATAAGCAAACATGTATCCATATTGATGTAAATAAATATAGTAAATTATTATAA 3300
B e [ R I 3289
TATTTTTAACAAAAAAAAAAAAAAAAAA 3328
............................ AA 3319

Fig. 1. (continued

and 4 vertebrate aminopeptidases using the GCG Pileupand amino acids 9—32 as a transmembrane regioll. In
program (Fig. 2, gap weigh?, gap length weightl). sextaandH. virescensthe last 22 amino acids comprise
This sequence contains all of the conserved residues ina lipid binding region, which is absent in the mature
the putative active site, Hi%, GIu®*®* and Hi$®4 which forms (Gill et al., 1995; Knight et al., 1995) and not
form the catalytic zinc ion binding site. Git¥ is also present in mammalian APNSs.

conserved in all nine species, which also was described

as a zinc binding site in the four vertebrates andHin ~ 3.3. Amino acid sequence differences

virescengFig. 2). In all three of the mammalian amino-

peptidases, amino acids 2—-8 were defined as a cytoplas- Although four nucleotide differences occur in the
mic region, which have low similarity with insect APNs, cDNA open reading frames between the Bt-susceptible
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1 75
PiAP MAAMKWF------- LLGVL------ C-VSAQA-FPDRPTQRSSKTNIFLDEMLEGQIFENLMMEDTSDNAR -NDA
HvAP MAAIK--------- LL-VLS-LACAC-VIAHSPIP--P---ASRT-IFLDERLEGGAFENI - - -DAFENIELSNV
PxAP MDS-RWF--L----LV-LVL-IQAHD-ITSLSPIPVDDVAE S---FYR-MLRDPA--------
MSAP ~~~~~~ FTIF----L-GVAL-LQG-V-LT-LSPIP---VPE--------EEWAE---FSR-MLRDPS--------

BmAP MAS-RWF-YF----LVGVAF-LOT-S-LT-LSPIP---VPE--- EWVE RD

SsAP MA--KGFYISKALGILGILLGVAAVATIIALSVVYAQEKNKNAEH-VPOAPTSP----- TITTT--A-AITLDQS
HSAP MA--KGFYISKSLGILGILLGVAAVCTIIALSVVYSQEKNKNA-NSSPVASTTP-SASA---TTNPASATTLDOS
RnAP MA--KGFYISKTLGILGILLGVAAVCTIIALSVVYAQEKNRNAENSA-IAPTLPGSTSATTSTTNPA----IDES
GgAP MA- -AGFFISKSVGIVGIVLALGAVATIIALSVVYAQEKNKSSGGSGG-SDTT--STT-TASTTT-AS-TTAAPN

76 150
PiAP V--NVYRLPTTTKPYRYNID——-W---I——-VDTTE—L—TFGGSVAI—QL—-YATQAEVNEIVIQSDDLNILNVT

HvAP VA-SPYRLPTTTVPTHYKIL---W---I---IDIHQPVQTYSGNVVI-TL--HATQAQVNEIVIHSDHMTLSSVV
PxAP ----- YRLPTTTKPRLYNVTLTPYFENVPSGI - - - TPF-TFDGQATI-YI--SATVANVSEIVLHCEDLTITKVE
MsAP ----- YRLPTTTRPRHYAVTLTPYFDVVPAGVSGLTTF-SFDGEVTI-YI--SPTQANVNEIVLHCNDLTIQSLR

BmAP ----- FRLPTTTRPRHYQVTLTPYFDVVPANVN- - - PF-TFDGEVTI-YT--SPTVANVNEVVIHCNDLTIQSLS
SsAP KPWNRYRLPTTLLPDSYEFVTLRPYL--TP-NAD---GLYIFKGKSIVRLLCQEPT--DV--IIIHSKKL---NYT
HsAP KAWNRYRLPNTLKPDSYQVTLRPYL--TP-N-D--RGLYVFKGSSTVRFTCKEAT--DV--IIIHSKKL---NYT
RnAP KPWNQYRLPKTLIPDSYQVTLRPYL--TP-N-E--QGLYIFKGSSTVRFTCNETT--NV--IIIHSKKL---NYT
GgAP NPWNRW&%ETALKEESXEVTLQPFL-—TP-D-D--NNMYIFK?NSSVVFLCEEAE-—DL--ILIHSNKL—--NYT

151 225
PiAP LTR---N--NVV-V----PQTFYLQ-PEYD--FLRVELVN-GFLDYDAVN--ATSALYVLTINFEAELRHDMYGI
HvAP LRQ---G--DTV-I----PTTPTAQ-PEYH--FLRVKL-NDGYLAYNADN--A--VLYTLSIDFTAPMRDDMYGI
PxAP VTRNINGEPQPVPISNDSPQ---CEMP-YA--FLRVA-PTQA-L---QLN--QE---YTVNVTYRGNLOQTDMRGF
MsAP VT-YVSGN-SEVDIT-ATGQTFTCEMP-YS--FLRIR-TSTP-L---VMN--QE---YIIRSTFRGNLOTNMRGF
BmAP IG-YQSGT-NVVDIT-ATGQTFACEMP-FS--FLRIR-TTEA-L---VLN--RE---YIIKSTFRGNLOTNMRGF
SSAP -TQ---G--HMVVLRGVGDSQ-V---PEIDRTEL-VEL-TE-YLVVHLKGSLOPGHMYEMESEFQGELADDLAGF

HsAP LSQ---G--HRVVLRGVGGSQP- - - -PDIDKTEL-VEP-TE-YLVVHLKGSLVKDSQYEMDSEFEGELADDLAGF
RnAP -NK---GN-HRVALRALGDT-PA---PNIDTTEL-VER-TE-YLVVHLOGSLVKGHQYEMDSEFQGELADDLAGF
GgAP L-Q--—GGFH-ASLHAVNGSTP----ETISNTW%——ETNTQ-Y%VLQLAGPLQQGQH!RLFSIFTGELADDLA?F

226 | 300
PiAP YRSWFRN--DNYNATPNYMATTQFQATSARRAFPCYDEPSFKATFDISIARRQDV--KSWSCTRLAGTAP-----
HvAP YNSWYRNLPDDANV--RWMATTQFQATAARYAFPCYDEPGFKAKFDVTI -RR-PVGYSSWFCTROKGSGP- - - - -
PxAP YRSWYR---DSSG-NKRWMATTQFQPGHARKAFPCYDEPGFKALFNITINREDD--FKP-SISNM----PI-RRT
MsSAP YRSWYV- - -DRTG- - KRWMATTQFQPGHARQAFPCYDEPGFKATFDITMNREAD- -FSP-TISNM- - - -PI-RAT
BmAP YRSWYV---DSTG--RRWMGTTQFQPGHARQAFPCYDEPGFKATFDITMNREES - -FSP-TISNM----PI-RTT
SSAP YRSEYM- - -E- -GNVKKVLATTOMQSTDARKSFPCFDEPAMKATFNITLIHPNNLT- - - -ALSNMP- - - PKGSST
HSAP YRSEYM- - -E--GNVRKVVATTOMOAADARKSFPCFDEPAMKAEFNITLIHPKDLT - - - -ALSNML- - - PKGPST
RnAP YRSEYM- - - E-GGN-KKVVATTOMQAADARKSFPCFDEPAMKASFNITLIHPNNLT - - - -ALSNML- - - PKDSRT
GgAP ¥R§EYT——-E--GNVTKVVAEI?MQAPD%&KAEESFQEEAM§§VETVTMIHPSDHT----AISNM---—EV—HST

301 37
PiAP SDLY--GPEFEVDTFYRTPIMSTYLLAIIVADYKSVE---FNNTQG-LLEYEVIARPAAIDN-N-QYQYAFDV-
HvAP STVA--G--YEEDEYHTTPTMSTYLLALIVSEYTSLP---ATNAAGEIL-HEVIARPGAINN-G-QAVYAQRV-
PxAP ISLG-NGRT--ADSFYTTPLTSSYLVAFIVSHYEKVE---SSNNT--LRPFDIYAR----DNVGVTGQWSLEV-
MsAP TTLT-NGRI--SETFFTTPLTSTYLLAFIVSHYQVIS---NNNNA--ARPFRIYAR----NNVGSQGDWSLEM-
BmAP NTLA-NGRV--SETFWITPVISTYLLAFIVSHYTVVS---TNNNA--LRPFDIYAR- - - -NNVGRTGDWSLEI -
SsSAP -PLAED-PNWSVTEFETTPVMSTYLLAYIVSEFQSVNETA--QN-G-VL-IRIWARPNAIAE-G-HGMYALNVT!
HSAP -PLPED-PNWNVTEFHTTPKMSTYLLAFIVSEFDYVEKQA-S-N-G-VL-IRIWARPSAIAA-G-HGDYALNVTG
RnAP --LQED-PSWNVTEFHPTPKMSTYLLAYIVSEFKYVE--AVSPN-R-VQ-IRIWARPSAIDE-G-HGDYALQVTG
GgAP YQLQMDGQSWNVTQFDPEERM§T¥¥LQF£YSQFDYVEN ----- NTGKVQ-IRIWGEPAAIAE—G—QGEYALEKTg

AQQQQQV

376 450
PiAP QELL-AEMSDH--TAIDYFSVDSNLKMTQAAIPDFGAGAMENWGLLTYREAYIMYHPNHT - - -NSNYKQLIAYIL
HvAP OALL-AEMSDH- - TGFDFYAQDPNLKMTQAAIPDFGAGAMENWGLLTYREAYLLYDEQHT - - -NSYFKQIIAYIL
PxAP EKLL-AYMEGH--TDYEYYSMAPFLNMKQAAIPDFSAGAMENWGLLTYREANILYHPENS- - -NHFYKQRVANTIV
MsAP EKLLLA-MENY--TAIPYYTMAQNLDMKQAAIPDFSAGAMENWGLLTYREALILYDPLNS---NHHYRQRVANIV
BmAP EKLLEA-MEAY--TQIPYYTMAENINMKQAAIPDFSAGAMENWGLLTYREALILYDPLNS---NHFYKORVANIV
SsAP -PILN-FFANHYNTS---YPL-P--KSDQIALPDFENAGAMENWGLVTYRENALLFDPQSSSISN---KERVVIVI
HsSAP -PILN-FFAGHYDTP---YPL-P--KSDQIGLPDFNAGAMENWGLVTYRENSLLFDPLSSSSSN---KERVVTVI
RnAP -PILN-FFAQHYNTA---YPL-E--KSDOQIALPDFNAGAMENWGLVTYRESALVFDPQSSSISN---KERVVTVI
GgAP -PIES-FFERHYN?A---YPL-P--KSDgVGLE?FNAGAMENWGLVTYE?NSLLYDNAYSSIGg———KERVVIVI

* kkkkkkkkk kk

vy Vv 525
PiAP SHEIAHMWFGNLVTCDWWDVLWLNEGFAKYYQYFLTH-WVEDHMGFETRFITEQVHTALLSDSAI-TAHPLSTSG
HvAP SHEIAHMWFGNLVTNAWWDVLWLNEGFARYYQYFLTA-WVED-LGLATRFINEQ
PxAP AHEIAHEMWFGNLVTCAWWDNLWLNEGFARYYQYFLTG-PVLPDLGYETRFIVEQVHTAMFSDS-LDSAHALTNPS
MsAP SHEIAHMWFGNLVTCAWWDNLWLNEGFARFSQYYLTA-TVDPELGYEIRFIPEQLQVAMFSDS-VDSAHALTDTS
BmAP AHEIAHMWFGNLVTCAWWDNLWLNEGFARFYQYYLTA-SVAPELGYETRFIVEQVOMAMESDS-VDTAHALTDLN
SsAP AHELAHQWFGNLVTLAWWNDLWLNEGFASYVEY-LGADHAEPTWNLKDLIVPGDVYRVMAVD- SSHPLTTPA
HsSAP AHELAHOWFGNLVTIEWWNDLWLNEGFASYVEY-LGADYAEPTWNLKDLMVLNDVYRVMAVD-ALASSHPLSTPA
RnAP AHELAHOWFGNLVTVDWWNDLWLNEGFASYVEF - LGADYAEPTWNLKDLIVLNDVYRVMAVD-ALASSHPLSSPA
GgAP AggLegoyfgg%ygLRg@ND&ggggggéSYVEY—EGADSAEPTWDIKDLMVLNELYTVMATQ—ALTTSgPETFRE

=

526 600
PiAP --IGSPSQVSSMFSTLSYNKGAAIIRQTEHLLGFEVHRQGLRNYLAQKSF-DTALPVDLFQHLHDAGVSAGAISE
HvAP ——VGSPAAVSAMFSTVTYNKGASIIRMTEHLLGFDVHRTGLRNYLKDLAY—KTAQPIDLFTALE%%GNQASALS%

T TITY. Q ALN!
SsAP EEVNTPAQISEMFDSISYSKGASVIRMLSNFLTEDLFKEGLASYLHAFAYONTTY - LDLWEHLQKAVDAQTSIR-
HsAP SEINTPAQISELFDAISYSKGASVLRMLSSFLSEDVFKQGLASYLHTFAYONTIY-LNLWDHLQEAVNNR-SIQ-
RnAP NEVNTPAQISELFDSITYSKGASVLRMLSSFLTEDLFKKGLSSYLHTFQYSNTIY-LDLWEHLQQAVDSQTAIK-
GgAP DEINTEAQI§EV§DSIA¥SKgéSVLEMLSDF%TEDVFKE%&QS¥%HDFSYNNTVY-TD%WDHEQEAVN—KNSVP-

Fig. 2. Predicted amino acid sequences of aminopeptidase-like proteins from susdeptifirpunctellaand alignment with aminopeptidases

from four other insect species and four vertebrate spePidgp=aminopeptidase-like sequenceRfinterpunctella HvAP= aminopeptidase N of

H. virescengSwiss Prot: Q11000; Gill et al., 1999pxAP= aminopeptidase N d?. xylostella(GenBank: AF020389; Chang et al., 199MsAP=
aminopeptidase N dfl. sexta(Swiss Prot: Q11001; Knight et al., 1998mAP= aminopeptidase N oB. mori (GenBank: AF084257; Yaoi and

Sato, 1998);SsAP= aminopeptidase N 08. scrofa(Swiss Prot: P15145; Delmas et al., 199KAP= aminopeptidase N ofl. sapiens(Swiss

Prot: P15144; Olsen et al., 1988nAP= aminopeptidase M oR. norvegicugSwiss Prot: P15684, Malfroy et al., 198@gAP=aminopeptidase

N of G. gallus(DDBJ: D87992; Midorikawa et al., 1998). Conserved and functionally important residues (zinc binding site) are indicated by bold
letters and solid triangle®) on the top of sequences. Identical residues among all eight sequences are indicated with star (*) at the bottom of
sequences. Residues that are different between Bt-susceptible and -resistant APN sequences are marked wjjioartbevsofp of sequences.
Hyphens (- - -) represent sequence alignment gaps.
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601 675
PiAP YGPGFSVV-D-YYRTWTEQGGHPVLNVQVDQQTGRLTISQRRF--DITNGYA-TPV-TN--WIVPINF---ATAS
HvAP YGSDFDFV-K-YYESWTEQPGHPVLNVQINHOTGOMTITQRRF--DIDTGHS-VON-RN--YIIPITF---TTGA
PxXAP YG-GVS-I-ESYLKSWSEQAGHPLLTVVVNHETGLMQVTQARW--ERNTGVSGVPT- Y
MsAP YR-GIT-I-DAYFRTWSEKAGHPLLSVTIVDHESGRMTLVQARW--ERNTGVSRFPG- WH
BmAP YG-GIT-I-DTYFRTWSEKAGHPLLTVTINORTGEMIVTQERW--ERNTGVSQFPS-L---WHIPITW---TRAG
SsAP LPDTVRAIMD---R-WTLQOMGFPV--ITVDTKIG--NISQKHFLLDSESNVTR-SSAFDYLWIVPISSI---KNG
HSAP LPTTERDIMN---R-WTLOMGFPV--ITVDTSTG- -TLSQEHFLLDPDSNVTR-PSEFNYVWIVPITSI---RDG
RnAP LPASVSTIMD---R-WILQMGFPV--ITVNTSTG--EIYQEHFLLDPTSKPTR-PSDFNYLWIVPIPYL---KNG
GgAP LPDSIGAIMD---R—yTLQMgFEV——VTVNTLTg——SVQ?SHFLLDSNSTVER—PSVFNYTWIVE;TWMTPSRTG

e

676 750
PiAP NPNFNNTKATHI-MTD-G-TMFIDTNISN-E-WVILNIQQTAFYRVNYDDYTWN-LIALALOSNESRAVIHEYNK
HvAP NPSFDNTKPSHI-ISK-GVTV-IDRGVVG-DYWTIFNIQQTGFYRVNYDDYTWN-LIVLALRGAD-REKIHEYNR
PxAP APNFINLKPSQV-LT--QTTTTINRESTGYE-WVIFNKQESGFYRVNYDDTTWD-LITAALKSNE-RRVIHDLNR
MsAP APDFENLKPSQV-MTG-QSLV-IDRGTRGQE-WVIFNKQVSGFYRVNYDNTTWG-LITRALRSAN-RTVIHELSR
BmAP APEFEBLKPSQF—IS--QQVTSINRGTTGLE—WVIENKCEAGFYRVNYDDTNWA-LLTRALRSSS-RTAIHQLNR

SsAP VM-QD- - - -HYWLRDVSQAQN -DLFKTASDDWVL [VITGYFQVNYDEDNW-RMIQHQLQ-TNL-SVIPVINR
HsAP RQQ-QD----- YWLMDV-RAQN-DLFSTSGNEWVLLNLNVTGYYRVNYDEENW-RKIQTQLQ-RDH-SAIPVINR
RnAP K---ED----HYWL-ETEKNQSAE-FQTSSNEWLLLNINVTGYYQVNYDENNW-RKIONQLQ-TDL-SVIPVINR
GgAP ----- D---—RYWLVDVS—ATNSN-FSVGSSTgLLLgLNVSGYFRY§¥NQENEDQLLQ—QES-NNH—QA;PVINR

751 825
PiAP AQIVNDIFQFARSGLMSYTRAL-SLLSFLQYETDYAPWVAAITGFNW--L---RNRFAG-TS-LOETFETLIATW
HvAP AQIVNDVFQFARSGLMTYQRAL-NILSFLEFETEYAPWVAAITGFNW--L---RNRLVGKPQ-LDELNEKIV-QW
PxAP AQIVDDVFALARAGVMSYTKAM-DILSFLEFEEQYAPWVAAISGFNW--LL--R-RLAHDPOTLQ- SFQOEIIKL
MsAP SOIVDDVFQLARSGVMSYQRAL-NILSYLRFEDAYAPWLSAISGFNW--VI--R-RFAHDAANLO-TLONQIIGL
BmAP AQIVDDIFQLARANVMKYNRAF-NILSFLQFEDEYAPWLAAISGFNF--LI--R-RLAHDSTNAA-LLOKLILEL
SsAP AQVIYDSFNLATAHMVPVTLALDNTL-FLNGEKEYMPWOAALSSLSYFSLMFDRSEVYG-P--MKKYLRKQVEPL
HsAP AQIINDAFNLASAHKVPVTLALNNTL-FLIEERQYMPWEAALSSLSYFKLMFDRSEVYG-P--MKNYLKKQVTPL
RnAP AQIIHDSFNLASAGKLSITLPLSNTL-FLASETEYMPWEAALSSLNYFKLMFDRSEVYG-P--MKRYLKKQVTPL
GgAP AQIID?AENLQRAHNVNVTLALNTTR-F%SGETA!MEgQAéLNNLQYFQLMFDESEVFG—A--MTKYIQKQVTPL

826 ! 900
PiAP AT--TVMADVTIYYPTEGESFMQSYK-RMQLAPTMCAIGVPECIEA-AE-I-QFNTL-MN-GVAEV-PVDSRSWVY
HvAP SS--KVMGELTYMPTEGEPFMRSYL-RWQOLAPVMCNLNVPAC-RAGARAI - -FEDLRVF-G-HEV- PVDSRNWVY
PxAP SS--AVTARLGFAEVPGEPFM-DGLLRMYVLDFLCNVGHEQCV- - -AQAVTNFRNLR-N-GTF -L- PANMRPWVY
MsAP SE--AVVARLGFTEVSGGTYMTD-LQRLHVMQFLCNVGHQOCIDAGRQ- FLNWR-N-GSF-I-PANMRPWVY
BmAP SP--AVVAKLGYLEPENGSYMTD-LQRMYVMEFLCNVGHEECNNFGTQ- WVY
SsAP FQHFETLTK-NWTERP-ENLMDQY-SEINAISTACSNGLPQCENL-AKTL

FIHFRNNTN-NWREIP-ENLMDQY - SEVNAISTACSNGVPECEEM-VSGL- - FKOWMENPNNNPTHP-NLRSTVY
RnAP FAYFKIKTN-NWLDRP-PTLMEQY-NEINAISTACSSGLEECRDL-VVGL--YSQWMNNSDNNPIHP-NLRSTVY
GgAP FEYYRTATN-NWTAIP—SAL%DQY—NEINAISTAESYGIAESQQL—ATAL——YQQWRQNVSNNPIAE-NL&SAI¥

901 975
PiAP CNALRRGDDSHFNFLWQRFQSHHVYTE--KILLLSVLGCTNDVASL-TVFLDAILEEN-YLIRRODYNTAFNSAV
HvAP CNALRDGGAQEFNFLYNRFKSHNVYTE--KIVLLQTLGCTSHVESLNTLLTD-IVTPN-QMIRPODYTTAFNTAV
PxAP CAGLRAGTPEDFRFLWSRFESEDLANE- - IVVLLEKLGCTKDAASLN-VLLNSVVEDN - ELVRPQDYNVALNSAV
MsAP CTGLRYGSAEDFNYFWNRYIVEDLSNE--KVVMLEAAGCTRDQASLE-KFLNAIVSGN-DDVRPODHSSALSSAT
BmAP CAGLRHGTAEDFNFFWNRYLQEDLSSE--KVVMLNVAGCTTDQASLN-RFLDAIVSGN-DDIRPODYNAALTSAI
SsAP CNAIAQGGODOWDFAWGQLQQAQLVNEADK--LRSALACSNEVWLLN-RYLGYTL--NPDLIRKQDATSTINS-I
HsAP CNAIAQGGEEEWDFAWEQFRNATLVNEADK--LRAALACSKELWILN-RYLSYTL--NPDLIRKQDATSTIIS-I
RnAP CNAIAFGGEEEWNFAWEQFRKATLVNEADK--LRSALACSNEVWILN-RYLSYTL--NPDYIRKQDATSTIVS-I
GgAP gSAVATgGEEVWDFIWERFLEAPVVSEADK-—LRTALTSSTETWIEQ-RYLQYTI--DPTKIBKSEATSTINS-I

o)

976 1050
PiAP TGNENNTQIVFKYVQENLEKLEAAYNVTSSIV-GPL-NTISARLRTEEEIEEFQLWAREN- - - -RNALG-NAYNS
HvAP SGNEVNTRLVWNYIQANLQ-L--VFNAFASPR-TPL-SYIAARLRTVEEVVEYQTWL--NTTAIQSALGTN-YNA
PxAP SGNDENVQIVFEWLKRNIPQTT---SALGSVS-TPL-NYIAGRLLSEAEIVEFETWLNAN- - - -ONOIGAASYAT
MsAP TSNDVNTMRAFDWLTKNVDQIT---RTLGSIT-SPL-NTITSRLLTEAQMTQVQTWLDAN- - --RNTIGAA-YNT
BmAP TSNEINTLRAFQWLRNNVDQAT---RTLGSVS-TIL-NTIIGRLLNEEQINEVSNWLTAN- ---QNTLGAT-YST
SsAP ASNVIGQPLAWDFVQSNWKKLFQDYGG-GSFSFSNLIQGVTRRFSSEFELQQLEQFKKNNMD --VG---FGS
HsAP TNNVIGQGLVWDEFVQSNWKKPFNDYGG-GSFSFSNLIQAVTRRFSTEYELQQLEQFKKDNEE

ANNVVGQTLVWDFVRSNWKKLFEDYGG-GSFSFANLIQGVTRRFSSEFELOQLEQFKEDNSA
GgAP ASgVVGQPLAWDFIRSgWRTLFGQYGG—G§FSFSR%ISAVTQEFNTEFELKQLEHFKADgQD

1051 1125
PiAP VYNGAESA-RA---SIKW--TNEILDDVLN-F-IENG--GDEI-EVTT-ATPGTET--PVDTETPPDIDEP-TTP
HvAP IY-G-DSV--ATYNSILW--VSTI-EDSLSTY-LTNG--NDVI-EPST-STTST-TAAPT-TVIQPTITEP-STP
PxAP GMSGARAA-RD---NLAW-SARRLPE--IQEY-LEYGY-------- T---PPPSPS-PP-PTDAPPVETTPDMTP
NLQW- SANRMSE - - FLRF - FETGFVDDVPSEATTVAPPAETTVTP-ST-FPPTV-APATT -
-NLVW-SQQRISE--FTNY-FESGYVEDVIEEITE-APP---T-AP-PT-APPTE-APAVT-
SSAP GTRALEQALEKTKANIKWVKENK--EVVLNWF-IEH-S~~~~~o~vammmmmmsmsmmmsmmm s
HsSAP GTRALEQALEKTKANIKWVKENK--EVVLOWE-TEN-SK

GTRALEQALEKTKANIKWVKENK - -DVVLKWF -TEN-S~~~~~~~ v~~~
GgAP GTRALEQALERTRTNIN?VKENK--EVVHAWFRAETA S

1126 1157
PiAP DIPE-PDSA-VTS-ALSVVAIAVA-AIVNLAL
HvAP TLPELTDSA-MTSFA-SLFIISLG-AILHLIL

PxAP --PQ-PDAASIT--TLSAITLALTFAI-NFVV
MsAP --PA-PGSGNIA--ALSVVSLLVTLAI-

P --PA-PDSANVA--ALSFITLIITLAV-NL-A
SSAP  ~mmmmmm it e e
HSAP ~ommmmmmcmmmmmnmmmnmm
RNAP ~ommmmmmmmmmm
GgAP ~~vmmmmmmm s s s s n SN~ S NS~

Fig. 2. (continued

and Bt-resistant strains, two of the nucleotide changesThis difference was located in a region corresponding to
are silent and the other two result in amino acid changesthe CrylAa binding region iB. mori and P. xylostella

in the putative protein sequence of the preaminopeptid- (Nakanishi et al., 1999), and therefore could result in
ase-like enzyme. In the Bt-susceptible strain, codona difference in toxin affinity. Because Cry toxins bind
GAC (nucleotides 553-555) encodes an aspartic acidselectively to only some APNSs, it has been speculated
which is conserved in all five insect aminopeptidases that small differences in amino acid sequences in the
(Asp'®s, Figs. 1 and 2). In the Bt-resistant strain, codon toxin binding region may have a significant effect on
GAA encodes a glutamic acid which is conserved in all toxin binding and susceptibility (Nakanishi et al., 1999).
four vertebrate aminopeptidases (BRiFigs. 1 and 2). At another location, codon ATT encodes an aliphatic



222 Y.-C. Zhu et al. / Insect Biochemistry and Molecular Biology 30 (2000) 215-224

residue isoleucine (If€% Fig. 1) in the Bt-susceptible peptidase mRNA. However, hybridization to a loading
strain and codon ACT encodes the hydroxyl-containing control protein (S3) mMRNA was similar between the two
residue threonine (TH%¥ Fig. 1) in the Bt-resistant strains and no degradation of mRNA in the Bt-resistant
strain. In addition to the threonine residue providing a strain were evident (Fig. 3B).

potentially new phosphorylation site, it is adjacent to a

conserved cysteine residue, which could disrupt the ter-3.5. PASA confirmation of aminopeptidase gene

tiary structure if the cysteine residue participates in a difference

disulfide linkage. Whether a functional difference results

from the gene modifications that lead to amino acid sub- To investigate whether the base substitutions located
stitutions in the twdP. interpunctellastrains is unknown.  in the genome are the result of transcriptional or post-
It was not possible at this time to predict any structural transcriptional modification or are artifacts of cloning,
differences in the two aminopeptidases because thethe PASA technique was used to amplify genomic DNA
insect aminopeptidase sequences did not align with otherextracted individually from ten Bt-susceptible (RC688
aminopeptidase sequences whose 3-D structures arend ten resistant (HD198larvae. PASA amplification

available in the Protein Data Bank. was conducted using susceptible and resistant primers.
Fragments of-250 bp were amplified only from the Bt-
3.4. Aminopeptidase mMRNA expression susceptible larvae and not from the Bt-resistant larvae

when susceptible primers were used (Fig. 4A). Similar
To examine whether aminopeptidase-like gene lengths of cDNAs (253 bp) and PASA products indi-
expression is the same in the tw. interpunctella cated that no intron was present in the genomic DNA
strains, northern blots containing mMRNAs from RC888 between the binding sites of the two susceptible primers.

and HD198 were hybridized with a PCR-generated When the resistant primers were use®00 bp frag-
probe. The aminopeptidase-like cDNA probe hybridized ments were amplified from the Bt-resistant larvae but
to mRNAs and yielded fragment sizes ©8.3 kb (Fig. not the Bt-susceptible larvae (Fig. 4B). Fragments of the
3), indicating that the cDNAs cloned from susceptible PASA products were longer than the cDNA (148 bp)
and resistant strain cDNA libraries were full length between the two Bt-resistant primers, indicating that
cDNAs. The aminopeptidase-like mRNA expression introns were located between the two priming sites on
level of the Bt-resistant strain was only slightly higher the genomic DNA. The results of PASA analysis con-
than that of the Bt-susceptible strain based on autoradio-firmed that the aminopeptidase genes are different in Bt-

gram intensity (Fig. 3A). The different intensities may susceptible and -resistant strainsRofinterpunctellaand
have resulted from degradation of mRNA or from a indicated genomic organizational differences between

small mMRNA fragment that is homologous to the amino- the two strains.

To test for a gene structure modification that is asso-

ciated with Bt resistance ifP. interpunctella PASA
A B amplifications were extended to include two more Bt-

S R S R

Ml  RC688 larvae | HDI19§" larvae M

kb A

I8 B

—4.44 =

-2.37 e e < e o s o s

-0.24

- S G s ) e i

Fig. 3. Comparison of aminopeptidase-like mMRNA expression levels
in two P. interpunctellastrains. $Bt susceptible strain RC688R=Bt
resistant strain HD198(A) Three ug of mRNA per lane from each
strain was subjected to 1% agarose/formaldehyde gel electrophoresigFig. 4. PASA amplification of individual larval DNA of both Bt sus-
and transferred to a nylon membrane. mRNA was hybridized with ami- ceptible RC688and Bt resistant HD198nsects. Ten individuals from
nopeptidase cDNA probe labeled wifiP-dCTP. (B) Same nylon each strain were used for each pair of primers. (A) PASA amplification
membrane for panel A, and RNA was hybridized with a ribosomal using susceptible primers. (B) PASA amplification using resistant pri-
protein S3 for an mRNA loading control. mers. M=100 bp DNA ladder from Pharmacia.
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resistant strains, HD112nd HD133 which are resist-  Schnepf et al., 1998). However, aminopeptidase-like
ant to isolates HD-112 and HD-133, respectively, of Bt proteins act as receptors for Bt toxins in many insect
subspaizawai These two strains have a broad spectrum species and are the most likely candidates for Bt toxin
of resistance to toxins CrylAb, CrylAc, and CrylC receptors irP. interpunctella Our data provides the first
(McGaughey and Johnson, 1994). The data showed thaevidence of sequence differences in a potential Bt toxin
~600 bp fragments were amplified from both strain receptor in resistant insects, which could lead to altered

HD11Z (Fig. 5A) and HD133(Fig. 5B) by using resist-
ant primers. No~250 bp DNA fragment was amplified
from either strain by using susceptible primers. The
results revealed that both HD112nd HD133 had a
Glu'® gene allele as is present in strain HD'18&tead
of an Asg®® allele as is present in RC688

The nucleotide substitution—+C at position 2288,
which resulted in an amino acid replacement ofdten
RC688 with Thr'®2in the HD198 strain, was also veri-
fied by using PASA amplification of genomic DNA
extracted from individual larvae from botR. inter-
punctellastrains. A single~900 bp fragment (predicted
to contain~500 bp of introns) was amplified from indi-
vidual larval DNA of RC688 using a forward primer

toxin affinity.

The significance of these results are two fold. Analysis
of a putative Bt toxin receptor in Bt-susceptible and -
resistant insects indicated that there is a conservation of
a point mutation in resistant insects (A%p- Glu'®d)
when compared to susceptible insects. More importantly,
this mutation is localized to a region that is highly con-
served among insects and is proposed to be a binding
domain for CrylAa toxins. Therefore, alterations in this
region could affect toxin binding, which could contribute
to resistance. Alternatively, the second point mutation,
resulting in a change from isoleucitfin the suscep-
tible insects to threoniri€® in the resistant insects, is a
change from a hydrophobic residue to one containing a

located 400 bp upstream of the point mutation on cDNA potential site for a post translational modification, i.e.,
and a reverse primer corresponding to a susceptiblephosphorylation. This change could result in a substan-
allele (data not shown). No fragment was amplified from tial impact on the overall conformation of the molecule.
HD198 strain when using the same primers. Thus, Another possibility is that both mutations may have a
cDNAs of aminopeptidase-like protein genes from the combined effect that reduces toxin binding. The possi-
Bt-susceptible and resistaRt interpunctellahave only bility of post-transcriptional or post-translational modi-
four nucleotide differences and encode proteins that dif- fications of the receptor has not been ruled out. In some
fer in only two amino acid residues. The function of insects, the CrylAc toxin interacts with the carbohydrate
these encoded aminopeptidases is unknown, but theymoieties on the aminopeptidases (Lorence et al., 1997).
may play a role in peptide processing and degradationFurther studies are needed to determine the significance
and/or serve as receptors for proteins such as Bt toxins.of these molecular differences in Bt-resistance develop-

Mohammed et al., 1996 reported that an 80 kDa pro-

tein bound to CrylAc, but it was unclear whether this
protein was aminopeptidase-like. Other proteins, with

cadherin- or alkaline phosphatase-like properties, have

ment and to understand the mode of detoxification by
insects resistant to Bt.

been proposed as Bt-toxin binding proteins (reviewed in Acknowledgements
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Fig. 5. PASA amplifications of individual larval DNA of Bt resistant
HD112 strain (A) and HD133strain (B). Ten individuals from each
strain were used for each pair of primers=M0 bp DNA ladder from
Gibco Life-Technologies.
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